To explore the factors that affect coke strength in the meso-scale pore structure of coke, we investigated the relationship between the strength and meso-scale pore structure of the polished surface of coke sample. Coke was fractured using diametral-compression tests, and the tensile strength of coke was measured. Furthermore, we observed the polished surface of coke and obtained combined images with a size of 10 mm × 10 mm. The size and roundness of the pores were evaluated by image analysis. The pores were classified according to the pore size, and the strength of coke with many pores with a diameter of more than 1000 µm was indicated to be low. Moreover, the roundness of pores with a diameter of more than 1000 µm was low. Therefore, pores with diameter of more than 1000 µm and low roundness are considered to greatly affect the strength of coke in a meso-scale structure. 
Introduction
Metallurgical coke serves as a reduction agent of ore, a heat source, and a spacer in a blast furnace. Among them, the role of the spacer that sustains the flow passes in the blast furnace is very important because no alternative is available. Recently, because of the volatility of coal price and depletion of metallurgical coals, production of coke from lowquality coal has become urgent. However, the low strength of coke is a key issue when low-quality coal is blended 1) .
To determine the factors that reduce the strength of coke, many possible factors should be investigated because coke is a porous material, and pores and cracks occur during its carbonization process. Sakai et al. 2) categorized the structure of coke into macro-, meso-, and micro-/nano-structures and pointed out that a scaling rule that relates the atomic-or molecular-level characteristics with the macro-level phenomena that cause macro crack is important. They also measured the strength of coke particles with diameters of 6-16 mm and 15-25 mm in a compression breaking-strength test and showed that the coke strength evaluated by a quantitative analysis based on material mechanics is related to the drum index, which is a conventional evaluation method of the meso-structure of coke. However, Sakai et al. 2) did not examine the pore structure, and the relationship between strength and pore structure of coke was not investigated. This relationship has been investigated for four decades, and the strength of coke is known to strongly correlate with the pore structure 3) 4)
. Patrick and Stacey 5) evaluated the porosity of coke from its polished surface using a microscope and showed that the Original Paper coke strength decreased with increasing porosity. Moreover, Yashima et al. 6) observed the surface of coke produced from coal blends and analyzed the surface images (the image size had a maximum size of 30 mm × 30 mm, and the resolution was 40 µm/pixel). They concluded that the coke strength decreased when the coke pore area increased or the pore distribution broadened, and the coke in the images exhibited large pores. Yashima et al. 6) also reported that the strength of coke did not have relation to the shape of the pores. In addition, Hiraki et al. 7) observed the polished surface of coke produced from caking coal using an optical microscope and performed an image analysis (the image size was 3.00 mm × 3.00 mm, and the resolution was 2.43 µm/pixel). They reported that the strength of coke with high porosity, low roundness, and a thick pore wall was low. Arima 1) observed the polished surface of coke from low-quality coal using an optical microscope and demonstrated that defects defined as connected pores and non-adhesion grain boundaries were formed. Kubota et al. 8) observed the polished surface of coke with low-quality coal using an optical microscope and analyzed the surface image using image analysis software (the image size was 18.5 mm × 14.5 mm, and the resolution was 4 µm/pixel). They described that the connected pores with low roundness of below 0.2 increased with the increase in the ratio of slightly caking coal, and the coke strength decreased. On the other hand, Kanai et al. 9) and Saito et al. 10) focused on the non-adhesion grain boundaries, and the fracture surfaces of coke produced from caking and low-quality coal were examined using a scanning electron microscope and a laser microscope, respectively. Kanai et al. and Saito et al. quantified the amount of non-adhesion grain boundaries and pores that include the non-adhesion grain boundaries, respectively, and indicated that the amount of defects derived from low-quality coal had relation to the coke strength. Furthermore, Roest et al. 11) observed the fracture surface of coke using a digital camera, a stereo microscopy, and a scanning electron microscopy. They evaluated the fracture parameters such as inert size and crack length and concluded that the fracture parameters depended on the type of coal. However, because the fracture surface of coke is the weakest section, they encountered difficulty in determining the general nature of coke using the fracture surface. The above-mentioned results indicate that the pore structure of coke strongly affects the coke strength, and the pore-structure parameters such as pore size and pore shape depend on the type of coal. However, these studies examined only the relationship between the coke strength and one of the parameters and did not evaluate both the size and shape of the pores. Moreover, the particle diameters of coal used in these experiments were the same, and the effect of the particle diameter was not investigated. Furthermore, although studies have been made on micro-/nano-and macro-structures of coke, the mesoscale structure of coke has been marginally studied so far 3)
.
In the present study, we evaluated the strength and structure of coke to determine the factors that affect the coke strength in a meso-structure, and the relationship between the strength and structure was investigated.
Coke was produced by carbonization of caking coal and/ or low-quality coal, and coke specimens were prepared.
The specimens were fractured by diametral-compression tests, and the coke strength was measured. Moreover, the polished surfaces of the coke were observed using an optical microscope, and the size and roundness of the pores at the coke surface in the meso-scale level were quantitatively evaluated. Furthermore, the relationship between the size and shape of pores and coke strength was investigated.
Experimental
2.1 Coke sample and diametral-compression test Fig. 1 (a) . The absolute maximum length, area, and roundness of the pores in the binarized image were measured using the image analysis software. In this work, the absolute maximum length is defined as the maximum length of two points on the contour of a pore, as shown in Fig. 2 . The roundness of the pore is defined as (1) where S is the area of the pore and L is its perimeter. The areas of the matrix and pore were normalized by the total area of the image, and the existence ratios of the matrix and pores were evaluated.
Results and Discussion

Coke strength
The Weibull plots of the tensile strength from the diametral-compression test are shown in Fig. 3 (a) , and the scale parameters estimated from the Weibull distribution are shown in Fig. 3 (b) . The scale parameter means tensile strength, and coke strength can be evaluated by the scale parameter. The scale parameter of Coke B was the largest, and the others decreased on the order of Coke A, Coke C, and Saito et al. 10) reported that the scale parameter of coke decreased with the increase in the blending ratio of the lowquality coal, the present experimental results correspond to the results of these previous studies. However, the present results are slightly different from those obtained from the previous studies because the strengths of Coke A and Coke C are almost the same. In terms of the experimental condition, the entire bulk density of the coal particles was 800 dry-kg/m 3 in the experiments of Kanai et al. 9) and Saito et al. 10) , whereas that of Coke C is higher than that of Coke A in the current study. In general, when the bulk density is high, the coke strength would be sustained by the superior adhesion of caking coal and/or low-quality coal because the contact probability of the coal particles increases and/or the void among the coal particles decreases. Moreover, the pore wall thickness is known to increase, and the coke strength improves when the charging density of the coal is high 12) . Therefore, the coke strength from the low-quality coal can be improved by increasing the coal charging density.
Pore structure of coke
The observation results of the polished surface of coke are shown in Fig. 4 . In any of the cases, the pore Considering the relationship between the existence ratio of the pores and the coke strength, as shown in Fig. 3 (b) , the order of the coke strength did not correspond to the order of the existence ratio of the pores.
Next, the existence ratios of the pores classified by the pore diameters are discussed. With respect to Coke A, the amount of pores with a diameter of 0-100 µm was small, that with a diameter of 100-500 µm was almost the same as that with a diameter of 500-1000 µm, and that with a diameter of more than 1000 µm was large.
Moreover, in the case of Coke B, the amount of pores with a diameter of 0-100 µm was small, similar to that of the other coke, that with a diameter of 100-500 µm was maximal, and that with a diameter of more than 1000 µm was minimal. The amount of pores with a diameter of more than 1000 µm was the largest of all pores in both Coke C and Coke D, and that with a diameter of 100-500 µm was the second largest group in terms of the existence ratio of pores. The existence ratio of the pores with a diameter of more than 1000 µm in Coke D was much larger than that in Coke C. In particular, with respect to the difference in the raw material, the existence ratio of the pores with a diameter of more than 1000 µm drastically increased with the increase in the blending ratio of the low-quality coal because the pores derived from the void among coal particles would increase due to the low dilatation property of low-quality coal. Furthermore, focusing on the difference in the particle diameter of coal, the existence ratio of the pores with a diameter of more than 1000 µm in Coke B was less than that in Coke C. In general, we believe that the decrease in the coal particle size depends on the adhesion between the caking coal or between the caking and low-quality coal because the probability that the caking coal contacts the caking coal or low-quality coal in the small coal particle increases. Moreover, the size of the pores formed within the particle would decrease due to the small size of the coal particles. In addition, Arima 1) reported that pores were formed during carbonization due to void among coal particles and gas in a coal particle.
In other words, the pores were derived from the gap between coal particles or originally existing pores in a coal particle. Note that the originally existing pores in a coal particle are developed and would be burst during carbonization. Consequently, reduction in the diameter of the coal particles would improve the adhesion between coal particles, and the existence ratio of the pores with a diameter of 1000 µm would decrease due to the decrease in the pores derived from the gap between coal particles or those originally existing in a coal particle. Because the roundness of the pores with a diameter of more than 1000 µm was low and the pores had irregular shapes, the pores with a diameter of more than 1000 µm would be derived from the gap between the coal particles. With the increase in the charging bulk density of the coal and/or decrease in the diameter of the charging coal particles, the existence ratio of the pores with a diameter of more than 1000 µm decreases, and the strength of the coke improves. From the above-mentioned results, in view of the existence ratio of the pores with a diameter of more than 1000 µm, the ratio increases on the order of Coke B, Coke A, Coke C, and
Coke D. The order of the existence ratio of the pores with a diameter of more than 1000 µm corresponds to the order of the coke strength, and the existence ratio of the pores with a diameter of more than 1000 µm would be related to the coke strength.
The distributions of the roundness of pores in Coke B are discussed. Fig. 6 shows the distribution of the amount of roundness of the pores according to the pore diameter.
Pores with high roundness existed in large number in small pores, and the number of pores with low roundness increased with increasing pore diameter. In particular, no pores with high roundness existed in the large pores.
We note that the resolution of the images in this study was sufficiently high to illustrate the roundness of the pores because the resolution was 2.43 µm/pixel and was higher than or equal to that in previous studies 6) ～ 8)
. The characteristic distribution was caused by the swelling of coal during the carbonization process, as presented by Toishi et al. 13) , and the complex shapes of the pores resulted from the formation and development of pores during softening. Thus, the pore shape was distorted in larger pores, and the pore roundness became low. Fig. 7 shows the distributions of the amount of pore roundness in Coke C.
The distributions of Coke C were similar to those of Coke B. We note that although the results were not shown, the tendency was the same as that in the other samples. In comparison with the distributions of Coke B and Coke C, the amount of pores in Coke B was less than that in Coke C for each roundness when the pores were less than 1000 µm in diameter, whereas that in Coke B was more than that in Coke C when the pores were more than 1000 µm in diameter. These facts indicate that the pore shape of Coke C is more complicated than that of Coke B.
Comparing Coke A and Coke C, their strengths were similar despite the difference in the blending ratio and bulk density of coals. Focusing on the existence ratio of the pores with a diameter of more than 1000 µm, the ratio of Coke A was higher than that of Coke C. On the other hand, focusing on the averaged roundness of the pores with a diameter of more than 1000 µm, that of Coke A was 0.081 (Standard vibration was 0.048), and that of Coke C was 0.091 (Standard vibration was 0.068). Then, the shape of the pores with a diameter of 1000 µm of Coke A was significantly complicated compared to Coke C. Therefore, the factors that affect the coke strength were not only the existence ratio of the pores with a diameter of more than 1000 µm, but also the shape of pores as indicated by Kubota et al. 8) To evaluate the overall trend, the pore roundness, averaged with respect to each pore size, is shown in Fig. 8 .
In each coke, the average roundness of the pores was low in large pores, whereas it was high in small pores. With regard to Coke A, the average roundness in each pore size was low compared with those of the other cokes. In particular, the average roundness of the pores with a diameter of more than 500 µm was significantly low because the pore shape was complicated by swelling and coalescence of the bubble during softening as Coke A consisted of 100% caking coal 13)
On the other hand, in coke B, the average roundness of the pores with a diameter of more than 1000 µm was the highest. Because the strength of Coke B was the highest among all coke samples, pores with a diameter of more than 1000 µm and low roundness are considered to have a large effect on the coke strength. Kubota et al. 8) experimentally found that the existence of connected pores with low roundness of less than 0.2 was related to the drum index, i.e., DI6 150 , of the coke. Therefore, the present study could reproduce the results obtained by Kubota et al. 8) .
The effect of the amount of pores with a diameter of more than 1000 µm on the coke strength is considered. Ueoka et al. 14) numerically investigated the homogenized elastic modulus associated with the increase in the coke porosity. In other words, the homogenized elastic modulus is the macro stiffness. Ueoka et al. suggested reported that pores with a diameter of more than 1 mm decreased when coke was produced from the slightly caking coal in high coal bulk density. These facts support our view that pores with diameter of more than 1000 µm affect the coke strength.
The above-mentioned results suggest that the strength of coke from low-quality coal can be improved by increasing the charging bulk density of coal and decreasing the diameter of coal particles. Further, the strength of coke from low-quality coal is equal to or greater than that produced from 100% caking coal. Because the coke strength is related to the existence ratio of pores with a diameter of more than 1000 µm, the coke strength with less than 0.3 existence ratio of pores with a diameter of more than 1000 µm could be similar to that produced from the caking coal.
Conclusion
In the present study, we measured the coke strength to investigate the factors that affect the coke strength in the meso-scale pore structure of coke. We also evaluated the pore structure. The coke used in this study was produced from caking and low-quality coal with different blending ratios. The coke was fractured using diametralcompression test, and the tensile strength was evaluated using the Weibull plots. In addition, the polished surface of coke was observed using an optical microscope, and the cross-sectional images of the polished surface were obtained.
Then, these images were combined, and a meso-scale image image analysis, and the existence ratio of the matrix and coke and the absolute maximum length and roundness of the pores were evaluated. As a result, the strength of the coke from the low-quality coal was equal to or more than that produced from the 100% caking coal according to the diameter of the coal particles and the charging bulk density.
From the surface observation of the coke, because the order of the existence ratio of the pores with a diameter of more than 1000 µm was the same as that of the coke strength, the existence ratio of the pores with a diameter of more than 1000 µm was related to the coke strength. Because the roundness of pores with a diameter of more than 1000 µm was low and the pores had irregular shapes, the pores with a diameter of more than 1000 µm were derived from the gap between the coal particles. By increasing the charging bulk density of coal and/or decreasing the diameter of the charging coal particles, the existence ratio of the pores with a diameter of more than 1000 µm decreased, and the coke strength improved. Therefore, these results suggest that the strength of the coke from the low-quality coal can be equal to or more than that produced from the 100% caking coal by inhibiting the generation of pores with a diameter of more than 1000 µm.
